Machinability study of a material is used to find the ease and difficulty during machining operation. High Strength Low Alloy (HSLA) medium carbon steel (EN25 steel) is considered to possess better mechanical properties than carbon steel. In this work, an attempt is made to experimentally investigate and realize the machinability of EN25 steel during turning with coated carbide tools. The effects of machining parameters on cutting force components, Specific Cutting Pressure (SCP), co-efficient of friction and shear energy are analysed during the investigation. The results of the investigation revealed that the mentioned machinability characteristics are necessary and essential to evaluate the machinability of HSLA steel effectively.
Introduction
Turning is one of the basic machining operations in engineering industries. The general cutting force can be divided into three cutting force components namely main cutting force component, feed force component and thrust component. When the cutting force acts along the direction of cutting speed it is called the main cutting force component. Feed force component acts along the direction of the tool feed and thrust force component acts perpendicular to the turned surfaces. These forces influence machinability of any material, generation of heat, tool wear, quality of the machined surface and accuracy of the work piece. Also, these force components are used to estimate power requirements, design of machine tool elements, tool holders and fixtures. The measurement of these cutting force components are used to estimate the SCP during machining operation. SCP directly influences the status of the cutting wedge and it can be used as an indicator of the efficiency of a process. The frictional co-efficient can be defined by the ratio of normal force to the tangential force acting on the rake face of the cutting tool. Co-efficient of friction is an indicator to improve the cutting tool performance. This co-efficient is calculated from the measured cutting forces during machining. The coefficient of friction in machining is mainly influenced by cutting speed, feed rate, depth of cut and rake angle. Shear energy determination is an important parameter for consumption of energy in plastic deformation of shear plane. According to Ernst and Merchant [1] , the work material deforms when the shear plane attains the shear strength of the work material. Also, in turning operation, cutting fluid acts as a lubricant, which is extensively used to improve the tribological characteristics of the workpiece-tool-chip system. In machining operation cutting fluid is used to improve the tool life, surface finish and reduce the cutting force.
Literature review
Hakim et al. [2] analyzed the effect of machining parameter on cutting force component in hard turning of AISI T15 high speed steel. The cutting force during the turning of the alloy steel was remarkably affected by the type of the chip produced. Selvaraj et al. [3] optimized cutting parameters using Taguchi method in dry turning of stainless steel. The result showed that feed rate was the significant factor to control the cutting force components. Lawal et al. [4] evaluated the effect of cutting fluids on cutting force components in turning of AISI 4340 steel using Taguchi method. The results showed that cutting speed and cutting fluid were significant factors on cutting force measurements. Mandal et al. [5] investigated the effect of process parameters on cutting force components in turning of zirconia toughened alumina coated inserts. A mathematical model was developed using regression analysis for forces and the results indicated the effectiveness of the approach. Suresh et al. [6] analyzed cutting force component using Taguchi method in turning of EN24 steel using coated tool. The result concluded that cutting force variation was probably due to temperature rise in the shear plane area. Devillez et al. [7] analyzed the effect of cutting force component in dry turning of Inconel 718. The result revealed that cutting speed is the predominant factor to control the forces in turning operation. Thakur et al. [8] experimentally investigated the effect of machining parameters on cutting force components in high speed turning of Inconel 718. The result mentioned that cutting force values decreased at a higher level of cutting speed due to temperature increase with increase in cutting speed. Sharma et al. [9] developed a mathematical model to create relationship between machining parameters and cutting force components. The developed model was used to predict the accurate results. Thakur et al. [10] experimentally analyzed the effect of process parameters on SCP on Inconel 718 in turning operation. The result revealed that SCP was used to predict loss of form stability of the cutting wedge. Sreejith et al. [11] analyzed the effect of process parameters on SCP in turning of composite material using PCBN tools. The results concluded that cutting speed in the range of 100-200 m/min the SCP was constant. Davim and Figueira [12] evaluated the machinability in terms of SCP in turning of tool steel D2 with ceramic cutting tools. A statistical analysis was carried out using orthogonal array and ANOVA to realize the machinability characteristics. The result indicated that reduced SCP was achieved at increased feed rate due to the change of cross sectional area of the uncut chip thickness. Davim [13] conducted SCP analysis on metal matrix composite. The results revealed that SCP increased with increase in machining time. Davim and Mata [14] studied machinability study on glass fiber reinforced using polycrystalline diamond and carbide cutting tools. The result showed that surface roughness and SCP were influenced by feed rate. Also, a machinability characteristic is proposed in terms of surface roughness and SCP called machinability index. Davim and Mata [15] evaluated a machinability index in terms of surface quality and SCP in turning of fiber reinforced plastics with polycrystalline diamond tool. The result revealed that surface roughness increased with feed rate and decreased with cutting speed. Also, SCP influenced by feed rate and cutting speed is insignificant. Ç akır et al. [16] studied the effects of cutting fluid, gas (oxygen, nitrogen and carbon dioxide) application and dry cutting on cutting force components, co-efficient of friction and shear angle in turning of AISI 1040 steel. The results revealed that gas and wet turning gave better performance than dry turning. Duflou et al. [17] conducted the determination of energy required to remove the material during machining operation. They mentioned the amount of energy required to remove the material by shear and friction energy. Pawade et al. [18] analyzed the shear energy required to deform during plastic deformation in turning of Inconel 718. The result revealed that shear energy is increased at cutting speed of 125 m/min and decreased with feed rate of 0.10 mm/rev.
From the literature review, it has been found that limited amount of works were carried out on combined analysis of cutting force components, SCP, coefficient of friction and shear energy in turning operation. Hence an effort has been made to analyze the effect of machining parameters on the above mentioned objective parameters in turning of EN25 steel with CVD coated carbide tool.
Experimental setup
In this experimental analysis, work piece material considered is EN25 steel and the major elements presence in EN25 steel are given in Table 1 . This material possesses high mechanical strength and corrosion resistance than carbon steel, hence it is widely used in heavy duty drive shafts [19] . The work pieces selected are round rod with 38 mm diameter and the turning experiments are conducted on CNC turning center with 7.5 KW spindle power in a coolant environment. Figure 1 shows the experimental setup of CNC turning center with cutting force measurement setup. The cutting tool material used is Chemical Vapour Deposition (CVD) coated carbide tool with ISO geometry of CNMG 120404. This coated tool consists of three layers (TiN/TiCN/AL 2 O 3 ), in which TiN affords heat resistant and low co-efficient of friction, TiCN affords wear resistant and thermal stability and Al 2 O 3 affords crater wear resistance as a result of high-temperature conditions and hardness.
Taguchi based orthogonal array is used to minimize the experiments to be carried out. In this work, L 18 orthogonal array is used to conduct turning operations [20] . The selected machining parameters are cutting speed, feed rate and depth of cut in order to analyze cutting force components, SCP, co-efficient of friction and shear energy. The machining parameters are identified with multi-level factors (i.e) three level factors to analyze the non linearity effect of parameters. The levels of selected machining parameters are presented in Table 2 . The cutting force components during the turning of EN25 steel are measured using tri axial force dynamometer. This Kistler type piezo electric dynamometer (model 9257B) can measure the force signals while cutting process in three directions. The signal is acquired by data acquisition system, which consists of charge amplifier and a personal computer with an analog to digital convertor card to capture the force signal. The continuous flow of data for force in all directions can be measured by using Dynoware software installed in the computer. The SCP is determined from the main cutting force component using the following equations [12, 13] .
where K c -Specific cutting force component into the direction of F c , N/mm 2 , F c -Main cutting force component, N, f -Feed rate, mm/rev, a -depth of cut, mm.
The co-efficient of friction of the rake face of the cutting tool can be determined with the help of measured cutting force components and Merchant's theory as given below [15] 
where µ represents the co-efficient of friction, F c represents the main cutting force component, F t is the radial/thrust force component and α is the rake angle. In turning, the shear energy (τ e ) can be calculated by [16, 17] 
where τ represents shear stress, V s represents shear velocity, V represents cutting velocity and Ø represents shear angle. The following Eqs. (4), (6) and (7) are used to determine the shear stress, shear velocity and shear angle respectively.
where F s represents shear force and A represents shear area. The shear force F s can be determined by
The shear area can be determined by A = chip width × chip thickness.
The shear velocity can be estimated by
The shear angle can be calculated by
where r represents cutting ratio, a represents depth of cut and a c represents chip thickness. Table 3 shows the observed values of various output parameters.
Results and discussions
In this investigation, objective parameters considered are namely cutting force components, SCP, co-efficient of friction and shear energy. Table 3 shows the experimental results obtained using L 18 orthogonal matrix. In this experimental study, cutting force components are minimization type objectives, hence 'smaller-the-better' concept is considered. Based on the main effects plot (Figs. 2, 3 and 4) , minimum cutting forces of turning process is the combination of cutting speed of 215 m/min, feed of 0.07 mm/rev and depth of cut of 1.0 mm. From the experimental results, the main cutting force components have higher magnitude than feed force and radial force components. The main cutting force value decreased at high cutting speed. This is due to the high cutting speed, shear angle increases and hence minimium shear plane area. Then, the cutting force value increased when the feed rate value increased due to the increase of contact area between the cutting tool and work piece. Also, at low feed rate there is a small resistance to cutting tool and at high feed rate the work material provides more resistance to cutting tool and hence an increase of friction which directs an increment of cutting force. In machinability evaluation of HSLA steel, the SCP is an important process indicator and it is usually determined by given chip cross section and variation of cutting force. Figure 5 represents variation of SCP with various combination of machining parameter levels. The SCP value increases at lower level of cutting speed with higher feed rate due to high co-efficient of friction between cutting tool and work piece material. The SCP values are better at a higher value of cutting speed. When the feed rate is increased, the cross sectional area of the uncut chip thickness increases, hence SCP gets reduced. Cutting fluid is used to reduce co-efficient of friction between the work piece and cutting tool material. This cutting fluid acts as a thin boundary film between the tool-work piece interfaces. The SCP influences the cutting wedge, which can be used as a process indicatior. Hence, any variation in SCP can be lead to the loss of stability of the cutting wedge.
From the experimental result of shear energy (Fig. 6) , it is observed that the shear energy is higher at the lowest cutting speed and feed rates. This is due to the smaller area of cross-section involved in shearing deformation. At lower cutting speed, cutting forces increases, the cross sectional area in shear gets reduced and therefore larger shear energy is required for machining. Further increase in the cutting speed and feed rate, reduces the shear energy. This shear energy study is important for energy consumed for plastic deformation in shear plane. Figure 7 shows the effects of machining parameters on co-efficient of friction, minimum values obtained at high cutting speed due to smaller contact area and larger shear plane during machining. Also, at low depth of cut, thin chips are formed which resulted in higher cutting ratio and hence low coefficient of friction is obtained. 
Conclusions
This study analyzed the effects of machining parameters for machinability characteristics in turning operation using coated tools. The following conclusions are derived from this analysis:
• The effect of process parameters are analyzed for cutting force components, SCP, co-efficient of friction and shear energy for the enhancement of machining performance.
• The minimum value of cutting force components are obtained at higher value of cutting speed and lower value of feed rate and depth of cut.
• The SCP values are increased at lower level of cutting speed and higher level of feed rate due to high co-efficient of friction between the work piece material and cutting tool.
• The minimum shear energy for plastic deformation is achieved at higher level of cutting speed and feed rate.
• The minimum co-efficient of friction between toolchip interface is obtained at higher cutting speed due to smaller contact area and larger shear plane angle during shearing deformation.
